Since the identification of TT virus, only one full-length and two near full-length sequences representing a single subtype of the virus have been reported. In order to understand further the nature of the TT virus genome, nine of the most divergent TT virus sequences have been extended to full-length or near full-length. Phylogenetic analysis demonstrated that these sequences represent three distinct TT virus genotypes and two subtypes. A high degree of nucleotide sequence variability (approximately 30 %) was observed across the genomes with several significantly more divergent regions. Three conserved ORFs were identified, none of which shared significant amino acid sequence identity to sequences present in public databases. Additionally, sequence motifs, such as those necessary for protein translation and for rolling circle replication, were found to be partially conserved between all TT virus isolates. 0001-6214 # 1999 SGM BHED Downloaded from www.microbiologyresearch.org by
Introduction
Recently, Nishizawa et al. (1997) reported the isolation of a virus, named TT virus, from a Japanese patient (initials T. T.) with elevated alanine aminotransferase levels. The virus particle appears to be small (30 to 50 nm), dense (1n31 to 1n34 g\ml in CsCl) and non-enveloped. The genome is circular, single-stranded DNA of negative polarity that is approximately 3850 nucleotides in length . Analyses of partial sequences within a putative coding region reveal at least three, and potentially six, distinct genotypes, with as much as 44 % nucleotide sequence divergence Tanaka et al., 1998) . Nucleotide and amino acid sequence comparisons reveal no significant identity between TT virus sequences and sequences deposited in public databases. Thus, TT virus appears to be a unique virus representing the founding member of a new virus family, tentatively termed Circinoviridae .
TT virus was initially identified in three of five cases of post-transfusion non-A-GBV-C hepatitis. Recent studies, however, have raised questions about its role in human disease. Prevalence studies have identified high rates of infection (27 to 47 %) in cases of non-A-GBV-C hepatitis (Charlton et al., 1998 ;  Author for correspondence : Isa Mushahwar.
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The GenBank accession numbers of the sequences reported are AF122914 to AF122921. . However, rates observed in normal US populations (12 %), haemodialysis patients (46 %), intravenous drug abusers (40 %) and healthy individuals in Japan (92 % ; Desai et al., 1999 ; Takahashi et al., 1998 b) suggest minimal disease association. The mode of TT virus transmission has yet to be determined. The high prevalence among intravenous drug abusers and patients on maintenance haemodialysis Desai et al., 1999) as well as the experimental transmission of TT virus to nonhuman primates by the intravenous route suggest a parenteral route of transmission. However, the recent detection of TT virus in faecal specimens of infected patients (Okamoto et al., 1998 b) suggests an enteric transmission route also. Currently, only one full-length and two near full-length (greater than 90 % complete) TT virus sequences have been reported or deposited in GenBank . These three sequences share greater than 92 % nucleotide identity and represent isolates of genotype 1a. Although alignments of these sequences provide insight into sequence conservation and genomic organization, detailed analyses of the degree of variability within this virus family, the presence of conserved ORFs, the location of conserved nucleotide and amino acid motifs and an accurate determination of phylogenetic relationships can only be determined when isolates representing multiple genotypes are analysed. In the present study, we have extended the sequences from several of the most divergent isolates to full-or near full-length. These sequences exhibit up to 30 % nucleotide divergence, three conserved ORFs, few conserved regulatory elements and protein motifs, and the presence of distinct genotypes and subtypes.
Methods
Genome extensions. The 260 nucleotide regions of several TT virus isolates (Table 1 ; Mushahwar et al., 1999) were extended to genome length by inverse PCR (Fig. 1) . Briefly, total nucleic acids were extracted from 25 µl of serum using the US Biochemical RNA\DNA Isolation Kit as directed by the manufacturer. Nucleic acid pellets were resuspended in 25 µl water. First round PCR reactions (20 µl volume) utilized isolate specific primers, 4 µl of total nucleic acids and Takara LA Taq (PanVera Corp., Madison, WI, USA) as specified by the manufacturer. Nested PCR reactions (100 µl) also used isolate specific primers, Takara LA Taq and 5 µl of the first round PCR product as template. Near full-length genomes were obtained for several additional isolates using a combination of specific and consensus primers to extend 5h and 3h of the 260 base region (Fig. 1 ). The extension primers were utilized as described in Tables 2 and  3 and are as follows (5h-3h).
dfttv0 , within the N22 region (Nishizawa et al., 1997) . Thin lines interior to the genome represent the amplicons obtained during genomic extension : (A) inverse PCR employing isolate-specific sense and antisense primers ; (B) PCR utilizing isolate-specific sense or antisense primers in combination with TT virus consensus primers (Set A forward1 or Set C reverse1, respectively). The approximate positions and orientation of conserved ORFs are shown. The tick mark on the circle at the termination of ORF3 represents the position of the conserved polyadenylation signal.
Amplification products were separated by electrophoresis through a 0n8 % agarose gel, then excised and purified with Geneclean II (Bio101). Purified products were ligated into pGEM-T Easy (Promega) and each strand was sequenced with ABI Big Dye or Prism dGTP Big Dye and analysed on an Applied Biosystems model 377 DNA sequencer.
Sequence analysis. Sequences were edited and assembled utilizing Sequencher version 3.0 (Genecodes, Ann Arbor, MI, USA) and analysed using the programs of the Wisconsin Sequence Analysis Package (version 
9.0, Genetics Computer Group). Sequence alignments were performed with GAP and PILEUP using default parameters for gap creation and extension. PLOTSIMILARITY was used to determine regional identity. Phylogenetic distances between pairs of nucleotides were determined using DNADIST and the distances between amino acid sequences by PRODIST, both programs of the PHYLIP package (Felsenstein, 1993) . These computed distances were utilized for the construction of phylogenetic trees using NEIGHBOR and RETREE. The final output was generated with TREEVIEW (Page, 1996) . Bootstrap values were determined on 100 or 1000 resamplings of the nucleotide or amino acids sequences using SEQBOOT, DNADIST or PROTDIST, NEIGHBOR and CONSENSE. Values greater than 70 % were considered supportive of the observed groupings. Full-length and near full-length genomes reported here (JA1, JA2b, JA4, JA9, JA10, JA20, US32, US35) along with those utilized in the analyses are as shown in Table 1 . Partial sequences of approximately 2400 nucleotides were utilized for ORF1 and phylogenetic analyses (AB011486 to AB011491, AB011493 to AB011494).
Results

Genomic extension
Previously, we described the isolation of a 260 nucleotide region from 151 globally distributed TT virus isolates and demonstrated the existence of at least three major genotypes . Several of the most divergent sequences from this group have been extended to genome-or near genome-length (Table 1) . Isolate-specific nested pairs of upstream antisense and downstream sense primers were utilized in an inverted PCR assay that exploited the circular nature of the viral genome (Fig. 1) . This assay produced a fragment of approximately 3700 bases that included the remainder of the viral genome. This technique was successfully used to obtain seven genome-length sequences representing two of three potential genotypes previously identified . These sequences revealed that the TT virus genome ranged from 3839 to 3853 nucleotides in length. Amplification and analysis of GH1 sequences confirmed those previously reported . Similar methods were unsuccessful in generating products for isolates representing the tentative genotype 3, possibly due to similarity in GC content and secondary structure between positions 3700 and 3852 of GH1 . Hence, the partial genomic sequences of two isolates were obtained using TT virus consensus primers (Fig. 1) . The final sequences were 3537 to 3539 nucleotides in length, starting at position 94 of TT virus sequence (Okamoto et al., 1998 b ; Mushahwar et al., 1999) and ending approximately 210 bases short of the fulllength sequences. BLAST searches of the GenBank database utilizing these nine distinct isolates did not reveal significant similarities to any known sequence, except TT virus.
Nucleotide analysis
Nucleotide sequence comparisons of the seven full-length genomes demonstrated that the isolates were between 73n8 and 96n5 % identical to one another (Table 4 ). The partial genomes had 72n2 to 97n7 % identity across the regions of overlap. When equivalent regions of the full-length sequences were analysed, there was no difference in the observed pairwise results. Regional comparisons performed by aligning the seven full-length genomes and then plotting the percentage identity within a sliding window of comparison demonstrated approxi- mately 80 % identity across the entire genome (Fig. 2 a) . Several regions were highly conserved (greater than 90 % identity), suggesting their possible involvement in virus replication and packaging. Additionally, several areas of extreme divergence (less than 70 % identity) were observed. Inclusion of the four partial sequences did not significantly alter these results.
Genetic relationships
Phylogenetic analysis was performed to determine the genetic relationship of the seven full-length and four near fulllength genome sequences. Sequences were aligned and analysis performed across the region of overlap. Genetic distances suggested the presence of four distinct groups. Isolates TA278, TTVCHN1, GH1 and JA9 grouped closely to one another with distances of 0n0239 to 0n0805 substitutions per position. Isolates JA1, JA4, US32 and US35 grouped together with distances of 0n0352 to 0n0950 substitutions per position ; however, these sequences segregate from the previous group by distances greater than 0n3879. Isolates JA2b and JA10 grouped independently from the above sequences by distances greater than 0n3919 substitutions. These two isolates had a pairwise distance of 0n0491. The final isolate, JA20, formed a unique group with genetic distances between 0n1635 and 0n3941 to all other isolates.
An unrooted phylogenetic tree clearly demonstrated the relationship of these sequences to one another, forming four clusters, all supported by bootstrap values greater than 89 % ( Fig. 3 a) . The first of these (TA278, TTVCHN1, GH1 and JA9) contained several isolates which have previously been characterized as genotype 1. Comparisons with reported partial TT virus sequences suggested that these may be members of subtype 1a. The second cluster (JA1, JA4, US32 and US35) represented sequences of genotype 2, most similar to subtype 2b. The sequences of isolates JA2b and JA10 represented genotype 3 as defined by Mushahwar et al. (1999) . The final isolate, JA20, was most closely related to the genotype 1 sequences, yet grouped independently of these sequences. Comparisons to partial sequences demonstrated that this isolate represented subtype 1b. The presence of the four near full-length genomes did not alter these results, as the observed groupings were identical when the seven full-length sequences were analysed independently.
Analysis of ORFs
The availability of multiple diverse isolates also allowed the identification of conserved ORFs. Barring the isolation of viral proteins, the presence of a highly conserved ORF lends support to the possibility of an actual viral protein being synthesized from an ORF (Fig. 1) . The long ORF (770 amino acids) previously described was conserved in all but one of the seven full-length, four near fulllength and eight partial sequences. The US32 ORF1 was interrupted by an in-frame stop codon. While it is possible that this was an artefact, analysis of multiple clones revealed identical sequence. Although a methionine was present immediately following the stop codon, it is unlikely that this isolate would produce two distinct proteins. Among the full-length isolates, the ORF1 amino acid sequences ranged from 765 to 770 residues in length and exhibited 65n1 to 95n6 % identity (Tables 1 and 4 ). The conserved initiating methionine codon (position 589 of GH1) resided within the motif described by Kozak (1987) for the efficient initiation of eukaryotic protein synthesis. Additionally, there was a conserved eukaryotic polyadenylation signal (AATAAA) located 177 nucleotides downstream from the ORF1 termination codon (position 2899 of GH1). This was the only polyadenylation signal conserved in all TT virus sequences. Alignment of 19 ORF1 amino acid sequences revealed an average of approximately 78 % identity (Fig. 2 b) .
A hypervariable region was present between positions 272 and 408 of GH1, a region with nearly 40 % variability and multiple codon insertions\deletions. There were also several regions of high conservation (greater than 90 %) which may be important to protein form and function, particularly those between positions 112 to 155, 409 to 450 and 522 to 602 of GH1. Unfortunately, searches using amino acid profiles of the ORF1 protein alignment did not reveal significant identity to proteins of known function. The second ORF, of 202 amino acids , was not conserved in each of the 11 isolates. Although ORF2 was present in all genotype 1 sequences, nucleotide deletions were present in all genotype 2 and 3 sequences which resulted in a frameshift. A smaller version of ORF2, 149 to151 amino acids in length, was conserved in all of the 11 isolates (Table 1) . This truncated ORF, ORF2t, began at position 263 and terminated at 713 of GH1 (Fig. 1) . Comparisons demonstrated extreme sequence divergence, with as little as 47n0% amino acid sequence identity (Table 4 ). Due to this high degree of variability and significant conservation between nucleotides 107 and 262, it cannot be predicted if there are genotypespecific ORF2 sequences. Contrary to ORF1, neither ORF2 nor ORF2t possessed an optimal Kozak sequence ; however, residues incompatible with eukaryotic translation initiation at these sites were not found. The proper identification of the expressed ORF awaits the isolation of viral proteins.
A third ORF, ORF3, of 57 amino acids was found in all 11 isolates (Table 1 ; Fig. 1 ). ORF3 was located immediately downstream of ORF1, terminating at the conserved polyadenylation signal, positions 2904 to 3075 of GH1. Amino acid sequence comparisons demonstrated that ORF3 shared 70n7 to 100 % identity, the least variable of the three conserved ORFs. Similar to ORF2t, an optimal Kozak sequence was not conserved in all TT virus isolates. No other ORFs longer than 30 nucleotides were conserved in any of the six reading frames from the 11 full-length and near full-length sequences.
These three ORFs were independently aligned and phylogenetic analysis was performed. For each ORF, four distinct groups of isolates were observed, corresponding to those identified by nucleotide sequence analysis. ORF1 amino acid sequences examined included those from the 11 full-length and near full-length sequences and eight additional isolates for which the entire ORF1 has been reported (Fig. 3 b) . This analysis clearly demonstrated the presence of two distinct TT virus genomic characterization TT virus genomic characterization subtypes of genotype 1, with bootstrap support of 100 %. Within subtypes 1a and 1b, distances were less than 0n0695 substitutions per position, while distances between these subtypes were greater than 0n1121 substitutions. While distances between US35 and other genotype 2 members were up to 0n1047 substitutions per position, phylogenetic analyses of nucleotide sequences did not consistently support the segregation of US35 from other type 2 isolates.
Discussion
Full-length and near full-length (greater than 90 %) genomic sequences representing several of the most divergent TT virus isolates have been characterized. These sequences represent three genotypes of TT virus and two subtypes. The genomes are on average 80 % identical to one another, with local regions of conservation (greater than 95 %) and variability (as much as 40 %). Additionally, at least three ORFs are conserved among the 11 full-length and near full-length genomes. Only ORF1 possesses a methionine contained within a Kozak translation initiation consensus sequence. Regulatory elements such as TATA and CAAT boxes are not conserved in the predicted locations for any of the ORFs, though a single eukaryotic polyadenylation signal is conserved in all isolates. While regions of conservation are present, amino acid profiles for ORF2t and ORF3 do not possess identity to groups or families of sequences deposited in public databases. Thus, at this time, the function of these ORFs cannot be determined.
Alignments of these divergent nucleotide and amino acid sequences may provide valuable insight into the location of sequences potentially necessary for virus protein production, replication and packaging. It has been proposed that TT virus may be related to members of the Circoviridae Mushahwar et al., 1999) . Circoviruses contain conserved sequence motifs essential for virus replication, including a stem-loop structure, a conserved nonanucleotide and repetitive elements (Bassami et al., 1998 ; Mankertz et al., 1997) . While several small stem-loop structures were conserved in the full-length genomes, there was no apparent conserved nonanucleotide sequence or surrounding repetitive sequences. However, similar to circoviruses capsid proteins, the amino terminus of ORF1 possesses a high number of arginine residues (Niagro et al., 1998 ; Mushahwar et al., 1999) . Thus, the TT virus ORF1 product may have DNA-binding activity and function in packaging of the viral genome. Also within ORF1, two of four motifs necessary for rolling circle replication have been described Bassami et al., 1998) . The first of these (FTLXX) is conserved in the 19 ORF1 products analysed. The second (YXXK), which contains the active tyrosine, is not conserved.
As TT virus isolates continue to be identified, researchers have attempted to design new PCR primers in an effort to improve PCR assay sensitivity (Nishizawa et al., 1997 ; Okamoto et al., 1998 b ; Simmonds et al., 1998 ; Takahashi et al., 1998 b) . The majority of these utilize primers located within ORF1. Although these primers have been successful at identifying multiple genotypes and subtypes of TT virus, the high degree of variability within the primer regions of ORF1 (greater than 10 %) may result in a large number of false negative samples. In fact, it is necessary to perform several distinct PCR assays to estimate the prevalence of TT virus (Simmonds et al., 1998 ; Desai et al., 1999) . Recently, a PCR assay employing primers designed within the first 200 nucleotides of the genome has demonstrated that 92 % of healthy Japanese individuals are TT virus positive (Takahashi et al., 1998 b) . While these primers exhibited much greater sensitivity compared to previous sets, they are designed solely to genotype 1 isolates and will not amplify genotype-2specific sequences (data not shown). As genotype 2 and 3 isolates are also prevalent in Japan, it is possible that additional TT-virus-positive individuals would be identified with consensus primers designed from alignments of sequences representing all three genotypes. Utilizing full-length and partial genome alignments from this study, three sets of consensus oligonucleotide primers have been designed to regions with greater than 95 % identity . Utilizing these primers, prevalence of TT virus in populations such as haemophiliacs and intravenous drug abusers was near 100 % and rates exceeded 30 % in US blood donors. As additional divergent sequences are extended and oligonucleotide primers modified, TT virus will likely be found at high rates within all populations.
Previous reports have suggested the presence of multiple genotypes and subtypes of TT virus isolates. The rapid assignment of genotypic nomenclature has led to confusion within the literature and conflicting data as to the support for subtypes (Viazov et al., 1998) . Using a limited number of sequences and percentage identity, Okamoto et al. (1998 b) designated types 1a, 1b, 2a and 2b. Simmonds et al. (1998) found support for these groupings and identified a third genotype following phylogenetic analysis of entire amplicons. Tanaka et al. (1998) have since performed phylogenetic analysis, suggesting the presence of six genotypes, G1 through G6. Sequences designated G4 are 85 to 99 % identical to genotype 3 as discussed above and as defined by Mushahwar et al. (1999) . Sequences designated G3 share approximately 94 % identity to subtype 2.2 of Mushahwar et al. (1999) , as bootstrap support for division of these sequences into a unique genotype was not obtained. Additionally, during the extension of a Japanese isolate, 838 nucleotides of divergent sequence were obtained, TX011(A). It was proposed that this sequence may represent an unknown region of genotype 2. Comparisons of this sequence to the genomes reported here demonstrate approximately 70 % identity to all sequences. Thus TX011(A) represents a genotype equally divergent from genotypes 1, 2 and 3. In order to avoid further confusion, one should refrain from assigning genotypic designations until adequate sequence information is available and sufficient support has been demonstrated.
To determine which regions of the genome produce genetic groupings similar to those observed for the genomic sequences, the full-length nucleotide alignments were segmented into a multitude of fragments, down to as small as 200 base positions in length. After performing more than 50 separate phylogenetic analyses, it appears that any fragment greater than 200 positions in length is sufficient to distinguish genotypes 1 and 2 with greater than 96 % bootstrap support. On the other hand, it is necessary to utilize fragments larger than 550 positions in length to ensure strong bootstrap support for the separation of subtypes 1a and 1b regardless of genome position. When smaller segments are analysed, bootstrap support for this separation is not observed between positions 1400 to 1800, 2800 to 3000, 3200 to 3400 and 3600 to the end of the alignment. Support across positions 2000 to 2200, sequence overlapping the region utilized for all genotypic analyses to date, is only 72 %. Analyses which included eight additional genotype 1a and 1b partial sequences produce similar bootstrap values for each of the segments analysed. These data suggest that as additional isolates of TT virus are identified, one needs to be aware of the genome position being analysed before assigning subtypic designations to the isolate. Ideally, fragments larger than 550 nucleotides or regions between positions 200 and 1400 or 2200 and 2800 appear to be most useful.
While these analyses provide valuable information as to the genomic organization, the presence of conserved motifs and guides for genotypic analysis, many studies are necessary to fully understand this virus family. The significance of conserved as well as extremely variable nucleotide sequences awaits the characterization of replication and packaging requirements and selective pressures acting on the virus. The number and function of viral proteins will most likely require protein isolation, growth in cell culture and animal studies.
